Abstract: Amateur and sports flight is an activity with growing numbers worldwide. However, the main cause of flight incidents and accidents is increasingly pilot error, for a number of reasons. Fatigue, sleep issues and hypoxia, among many others, are some that can be avoided, or, at least, mitigated. This article describes the analysis of psychological and physiological parameters during flight in unpressurized aircraft cabins. It relates cerebral oximetry and heart rate with altitude, as well as with flight phase. The study of those parameters might give clues on which variations represent a warning sign to the pilot, thus preventing incidents and accidents due to human factors. Results show that both cerebral oximetry and heart rate change along the flight and altitude in the alert pilot. The impaired pilot might not reveal these variations and, if this is detected, he can be warned in time.
Introduction
Recreational flight is an activity with many fans and is growing fast. The light-sport aircraft pilots fly in unpressurized cabins and as a result they are constantly exposed to the atmospheric pressure variations. With altitude increase, pressure decreases as does the partial pressure of oxygen. This decrease is responsible for the appearance of the hypoxia phenomenon. Hypoxia may become a serious danger when flying in these conditions -several incidents have already occurred due to this phenomenon [1] .
In low altitude flights, generally, hypoxia won't be a significant problem to the well-trained pilots but it is dangerous for amateur pilots who are not as well trained for the altitude conditions. Furthermore, considering the symptoms and the physiological limits caused by the exposure to hypoxia, Time Useful of Consciousness (TUC) is defined as the time elapsed between a reduction in breathing oxygen partial pressure and some degree of impairment in pilot performance [2] . TUC is a parameter that can be determined experimentally in hypobaric chamber, through psychomotor tests. Studies have shown a reduction in TUC of about 50% when physical activity is performed [3] . TUC is slightly different between individuals but smoking is one factor that dramatically reduces the tolerance to lack of oxygen. TUC for an average individual smoker, at 4,572 m (15,000 feet), would be between 10 to 20 minutes while for a non-smoker it would be about 30 minutes or more [4] . In situations of rapid depressurization, the TUC is reduced by half [5] .
The process of decision making during each flight involves a correct evaluation of each situation, which may be compromised due to the influence of the psychophysiological characteristics of each individual. Furthermore, fatigue due to other reasons can also compromise performance and is frequently associated with pilot error. Some of the fatigue effects include degradation of attention and concentration, impaired coordination, and decreased ability to make effective decisions and, therefore, it is very difficult to establish safety boundaries [6] .
A review of international legislation reveals some negligence regarding aviation physiology, given it only establishes altitudes limits at which supplemental oxygen is required and there are no requirements for ground training in flight physiology for light-sport aircraft and glider pilots.
The International Civil Aviation Organization (ICAO) and the European Aviation Safety Agency (EASA) do not require any type of ground training in flight physiology. However, Title 14 of the U.S. Code of Federal Regulations (CFR), Parts 61.31, states, for pilots, flight instructors and ground instructors, "Additional training required for oper- ating pressurized aircraft capable of operating at high altitudes, with certain exception applied" [7] . None of the current international legislations require altitude chamber training (ACT).
As a consequence of Helios Airways Boeing 737-31S accident at Grammatiko in 2005, the investigation report recommended to EASA and to the Joint Aviation Authorities (JAA) the requirement of practical hypoxia training as a mandatory part of flight crew and cabin crew training [8] .
Some pilots believe that providing supervised ground training and education, such as ACT, would allow them to better recognize their own symptoms of hypoxia, within different stressful and fatigue levels, and decrease the critical response time [9, 10] .
Experimental Work

Monitoring System
The monitoring system used was similar to one used in a previous study [11] and consisted in four different types of equipment: a cerebral oximeter (rSO2), a heart rate recorder (HR), an electrocardiograph (ECG) and a flight data recorder. All the equipment was synchronized to allow the comparison between the physiological and the flight data.
Cerebral oximeter consisted of a Nonin EQUANOX TM Model 7600 system that uses near-infrared spectroscopy technology. Only one cerebral lobe was assessed using an appropriate sensor from the manufacturer. Heart rate was recorded using a commercially available thoracic belt. Electrocardiograph using Shimmer TM sensor was recorded for comparison with HR results only, if needed. Flight data recorder was developed by the research team. For the purpose of this study, barometer data was used. The experimental tests were performed by a sample of pilots with different characteristics in three different scenarios -hypobaric chamber, flight simulator and real flight environment. By comparing the obtained results is quite perceptible that all pilots reacted differently to the same stimuli; however, due to the large amount of collected data, only one representative pilot will be analyzed here -table 1.
The chosen individual has many hours of real flight and few hours of hypobaric chamber training and no flight physiology ground training.
In the figures represented, only one lobe, regarding the cerebral oximetry, was observed, once the obtained values for each lobe were, approximately, equal.
Hypobaric Chamber Test
The hypobaric chamber tests were conducted with the support of the Portuguese Air Force. The tests were performed in Centro de Medicina Aeronáutica of Portuguese Air Force, in the Lumiar military base, Lisbon, Portugal.
The tests had an average duration of 6 minutes -2 minutes to reach the maximum altitude, 2 minutes stabilized in the maximum altitude and 2 minutes to achieve the ground level. The maximum simulated altitude was 2,626.46 m (8,617 feet) above the sea level -figure 1. The cerebral oximetry, pressure and altitude values were measured during the entire simulation, as well as ECG and the HR measurements.
Despite the fact that the pilot was at rest and aware that he was in a simulated environment, this type of test provided reliable and useful data about the baseline values for the above mentioned parameters of each pilot.
Flight Simulator Tests
The flight simulator test took place in OMNI Aviation Training Center, in Tires, Portugal.
In this flight test, adverse weather conditions were simulated as were some emergency maneuvers. In figure 2 , the heart rate is displayed only once it was a simulated scenario performed on the ground. Although the pilot was aware that he was in safe ground, the graph shows some high peaks that may reveal that stress is a very susceptible factor that highly influences the physiological parameters during situations of high mental workload, attention and concentration.
Real Flight Tests
The flight was performed in Viseu airfield, Portugal, by the same individual mentioned above. It lasted 1 hour and 14 minutes and reached a maximum altitude of 2,584.09 m (8,478 feet); some intense maneuvers were performed.
All necessary equipment was placed aboard the aircraft, which implied a cautious logistics so that all the information could be recorded and well processed.
The equipment recorded all data related to the flight, the pilot's cerebral oximetry and ECG, which provided information about the HR variations during the flight.
After the data synchronization, the graph in figure 3 was obtained.
In this scenario, where the pilot was aware that a mistake could bring severe consequences, his stress level, evidenced by the HR values, oscillated differently, especially during the intense maneuvers, where he had to be highly concentrated. 
Discussion
Experimental Work
Although the hypobaric chamber test had reached a higher altitude than the real flight it was possible to observe that the pilot showed inferior levels of HR and a minor variation of the rSO2 in the first scenario.
It was also found that the rSO2 minimum value and the HR maximum did not occur when the maximum altitude was reached, as expected. Such inconsistency does not have an apparent justification due to the limited information available for this type of study, so, these may be due to psychophysiological characteristics, such as concentration, attention, stress, emotional condition or even the reaction time that the human body takes to respond to the external environment.
In the flight simulator, the pressure of being observed, may have created a stressful condition that influenced the parameters in analysis, especially the HR, and, consequently, the pilot's performance -he had to perform the landing maneuver twice until he was able to reach the ground safely.
It is also important to note that the chosen individual shows a pattern that occurs in all the other individuals that participated in this study.
In conclusion, the discussed results may suggest that when under some specific conditions, the stress level may alter the rSO2 and HR values and the normal response to an external stimulus, increasing physiologically its intensity, and may even compromise the pilot's safety especially if the individual is not aware of his limits.
During this study many experimental flights were realized, although, only three of them were presented in the current paper. Due to all the logistics required for this project, in terms of hypobaric chamber trainings, flight simulator disposal, satisfaction of the necessary conditions to make a safe flight and the pilots' availability, the field work revealed time consuming. This needs to be further addressed in future study practices. However, this study provides interesting and useful information that can positively contribute to flight safety.
The chosen physiological parameters were those which we believed were the most reliable to evaluate hypoxia and stress level, based in aviation/aerospace physiology research. They relate to some studies already published but in a new environment.
The purpose of this study is to create a simple and ergonomic system that alerts the pilot when he crosses his physiological limits. As such, an algorithm that integrates both aircraft and pilot parameters is being developed. Also, the sample of pilots will be extended to commercial pilots as well.
